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Brain arteriovenous malformations (BAVMs) can cause lethal hemorrhagic stroke and have no effective treatment. The cellular and molecular basis for this disease is largely unknown. We have previously shown that expression of constitutively-active Notch4 receptor in the endothelium elicits and maintains the hallmarks of BAVM in mice, thus establishing a mouse model of the disease. Our work suggested that Notch pathway could be a critical molecular mediator of BAVM pathogenesis. Here, we investigated the hypothesis that upregulated Notch activation contributes to the pathogenesis of human BAVM. We examined the expression of the canonical Notch downstream target Hes1 in the endothelium of human BAVMs by immunofluorescence, and showed increased levels relative to either autopsy or surgical biopsy controls. We then analyzed receptor activity using an antibody to the activated form of the Notch1 receptor, and found increased levels of activity. These findings suggest that Notch activation may promote the development and even maintenance of BAVM. We also detected increases in Hes1 and activated Notch1 expression in our mouse model of BAVM induced by constitutively active Notch4, demonstrating molecular similarity between the mouse model and the human disease. Our work suggests that activation of Notch signaling is an important molecular candidate in BAVM pathogenesis and further validates that our animal model provides a platform to study the progression as well as the regression of the disease. Brain arteriovenous malformations (BAVMs) are characterized by a nidus of coiled, tortuous, and enlarged vascular lesions that shunt blood directly from feeding arteries to veins. 1 They often rupture, resulting in hemorrhagic stroke in young people, most commonly between 20 and 40 years of age. 1 BAVMs contribute to half of the hemorrhagic strokes in children, 2 and 2% of all strokes. 1 Currently, surgical resection is the primary treatment, but not all BAVMs can be removed safely. 3 Most BAVMs are sporadic, making it difficult to identify the molecular cause by genetic association. 1 To date, the cellular and molecular basis for BAVM pathogenesis remains largely unknown. This limited knowledge of BAVM etiology has impeded the rational design of molecular interventions.
Fundamentally, AVMs are a disruption of normal arteriovenous (AV) hierarchy, which was historically thought to be governed by hemodynamic forces. 4 The discovery of genes with arterial or venous-specific expression in the developing mouse embryo has catalyzed advances in our understanding of the genetic control of AV specification and the establishment of AV hierarchy. 5 Notch, a transmembrane receptor first identified in fruit fly, and involved in cell fate determination and tissue patterning throughout metazoans, has emerged as a critical mediator of AV differentiation. 6 Studies in zebrafish and mouse development demonstrated that Notch signaling was necessary and sufficient for the expression of arterialspecific genes. 6, 7 Furthermore, we have demonstrated that endothelial Notch signaling regulates the luminal size of developing mouse arteries by promoting of arterial specification, and increasing the arterial allocation of endothelial cells. 8 Abnormal Notch signaling induced enlarged AV connections and shunting in both mouse and zebrafish embryo, suggesting a link between AV specification and arteriovenous malformations (AVMs). 6, 7 Among the four mammalian Notch receptors and five ligands, Notch receptors 1 and 4 and their ligands Dll1, Dll4, and Jag1 are preferentially expressed in the arterial and not venous endothelium. 9 Cell-cell mediated activation of the Notch receptor, by ligand binding to the extracellular domain, results in sequential cleavage events and release of an active intracellular domain (ICD). 10 Once cleaved, the ICD translocates to the nucleus, where it must form a complex with the sequence-specific DNA-binding protein Rbpj to promote the transcription of downstream genes. 10 Transcription factors of the Hairy/Enhancer of Split (Hes) and Hes-related families of proteins, such as Hes1, are canonical target genes, and mediate many of Notch's downstream functions. 10 Therefore, Notch-ICD is a constitutively active mutant. Likewise, the Notch4 mutant that lacks the extracellular domain is constitutively cleaved and activated (Notch4*).
11 Thus, nuclear localization of cleaved Notch-ICD and expression of Hes1 are features of active Notch signaling.
To investigate whether upregulation of endothelial Notch signaling can disrupt AV hierarchy and cause AVMs in adult mice, we used a tetracycline-regulated transgenic system to express Notch4* transgene specifically in the endothelium of adult mice (Notch4*-Tet), and reported AVMs in liver, skin, and uterus. 12 Expression of the transgene in immature Notch4*-Tet mice during post-natal brain growth resulted in hallmarks of BAVM in all mice, including enlarged and tortuous AV connections, shunting, and hemorrhagic stroke. 13 In both adult and immature Notch4*-Tet mice, the disease progression was reversed when the Notch4* transgene was turned off, demonstrating that Notch4* is critical to sustain the disease 12, 13 The urgent question that arose out of this fundamental research is whether increased Notch signaling underlies the development and maintenance of human BAVM.
Notch loss-of-function mutations in JAG1, NOTCH3, and NOTCH1 are known to cause Alagille syndrome, 14 cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy, 14 and aortic valve anomalies, 15 respectively, but it is not clear whether Notch signaling is involved in human BAVM pathogenesis. In this study, we test the hypothesis that Notch signaling is upregulated in human BAVMs by examining Notch-signaling activity in the endothelium of human BAVM relative to autopsy and surgical biopsy controls. We demonstrate increased levels of the activated-Notch1 receptor and canonical Notch target Hes1 in BAVM tissue. We reveal similar increases in our Notch4*-Tet mouse model of BAVM-like abnormalities. Our work puts forward the hypothesis that Notch activation causes and maintains human BAVMs, and provides molecular validation of our Notch4*-Tet model of BAVM as a valuable system to dissect the molecular and cellular basis of BAVM pathogenesis.
MATERIALS AND METHODS Clinical Samples
The UCSF Committee on Human Research approved the use of human tissue samples for this study. BAVM samples and surgical biopsy controls were obtained by surgical resection and prepared by the UCSF hospital pathology lab. Samples were fixed in 10% neutral-buffered formalin, paraffin embedded, and cut at 5 mm. Control sections were either cerebral cortex or cerebellum. The cerebral cortex control sections were histologically normal temporal lobe from seizure resection cases or cerebral cortex from autopsy brains, which were histologically normal in patients without evidence of neoplastic disease. Cerebellar control sections were also from autopsy brains in patients with no evidence of neoplastic disease. In addition to two autopsy controls from UCSF, five autopsy controls were received as formalin-fixed sections from the Harvard Brain Tissue Resource Center, which is supported in part by PHS Grant number R24-MH 068855. These autopsy samples were also paraffin embedded and cut at 5 mm. Human small intestine biopsy was formalinfixed, paraffin-imbedded, and sectioned at 5 mm by the UCSF hospital pathology lab. Snap frozen human small intestine tissue samples were provided by the Cooperative Human Tissue Network, which is funded by the National Cancer Institute, and sectioned at 10 mm.
Mice
Brain tissue was harvested from Notch4*-Tet (Tie2-tTA;TRENotch4*) mutants and littermate genetic controls (Tie2-tTA) at post-natal day 20. 13 To suppress the gene expression, Tet sucrose solution (0.5 mg/ml Tet, 50 mg/ml sucrose, Sigma) was administered to pregnant mothers from plugging, and withdrawn from pups at birth as we described. 13 All animals were treated in accordance with the guidelines of the UCSF Institutional Animal Care and Use Committee.
Preparation of Mouse Tissue
Endovascular labeling of perfused vessels was performed with FITC-lectin (Vector Labs, Burlingame, CA, USA) as described. 13 Following perfusion with 1% paraformaldehyde (PFA) at 100 mm Hg, brain tissue was fixed overnight in 4% PFA, and then dehydrated in 70% ethanol in water, and 100% ethanol before xylene treatment and paraffin embedding. Small and large intestine was fixed overnight in 4% PFA, and paraffin-embedded according to the methods used for brain tissue.
Immunofluorescent Staining
For the purposes of comparison, BAVM sections were always stained with control sections. Tissue sections were deparaffinized in xylene and rehydrated. Following antigen retrieval by sodium citrate, the samples were blocked with Avidin/Biotin Blocking Kit (Vector Labs) and then 10% goatserum and 0.2% Triton X-100 in PBS. Hes1-stained samples were also treated with 500 U/ml DNAse I for 10 min at 371C (Promega, Madison, WI, USA) before blocking. Primary treatment was performed overnight at 41C in block. Secondary treatment was performed with biotinylated antirabbit or anti-mouse antibodies (Vector Labs) in block. Tertiary treatment was performed with streptavidin-Cy3 in PBS (JacksonImmuno, West Grove, PA, USA). Slides were stored in VectaShield plus DAPI (Vector Labs).
Antibodies
Hes1 antibody was kindly provided by Dr Nadean Brown (at the Children's Hospital Medical Center, Cincinnati, OH, USA). We also used activated-Notch1 antibody (Val1744, Cell Signaling, Beverly, MA, USA) and human CD31 antibody (JC70/A, DAKO, Carpinteria, CA, USA).
Data Analysis
Stained tissue sections were imaged using a Â 40 objective on a Zeiss Axiovert fluorescent microscope (Thornwood, NY, USA) with Intelligent Imaging software (Denver, CO, USA). In BAVM sections, the three or four vessels with the strongest endothelial cell staining were imaged. Large vessels with a thick media, characteristic of arteries, were imaged. In autopsy control and surgical biopsy control samples, three or four vessels of similar caliber to the BAVM vessels were imaged. CD31 or non-specific IgG was imaged in the same vessel in adjacent sections. The same exposure time was used for all slides stained with a given antibody and the nonspecific IgG control. Individual fluorescent channel intensities were exported as 16-bit TIFF files and analyzed by a blinded examiner using ImageJ. The examiner picked the three cells, lining each vessel lumen, which showed the most intense Hes1 or activated-Notch1 staining by eye. They then circumscribed the DAPI-labeled nuclei of these cells, and measured the mean intensity of Hes1 or activated-Notch1 signal in the enclosed area. Paraffin sections of brain from Notch4*-Tet (Tie2-tTA:TRE-Notch4*) mutants and genetic controls (Tie2-tTA) were processed in the same way. Hes1 and activated-Notch1 staining in the nuclei of endothelial cells of mouse tissue was normalized to non-specific IgG staining. Staining in human tissue is shown as unadjusted mean intensity values.
Statistical Analysis
Each individual case or control, consisting of at least three intensity measurements from each of three separate vessels, was processed to provide a mean value and s.e.m. A two-tailed Wilcoxon's rank sum non-parametric test was performed with STATA-IC (College Station, TX, USA) to determine the significance of the difference between these mean values from the BAVM cases relative to those of the autopsy controls. The same analysis was performed to determine the significance of the difference in mean values between BAVM cases and surgical biopsy controls.
Confocal Imaging of Crypt Cells
For nuclear localization of Hes1 staining in the crypt cells of human small intestine, sections were imaged using a Â 63 oil-immersion objective on a Zeiss LSM510 microscope. The same exposure settings were used for Hes1-stained samples and IgG control.
RESULTS

Notch Signaling Pathway Activity is Increased in the Endothelium of Human BAVMs
To examine Notch activity in BAVMs we analyzed the expression of the canonical Notch downstream target Hes1 in endothelium of human BAVMs by immunofluorescence. We chose Hes1 because it is a direct transcriptional target of activated Notch both in vitro 16, 17 and in vivo 18, 19 and because Hes1 antibodies have been wellcharacterized in immunostaining of Notch gain-and lossof-function tissue. [20] [21] [22] [23] [24] To verify the specificity of the Hes1 antibody in our brain samples, we examined Hes1 staining in a control. In the mouse intestine, Hes1 expression has been well characterized in the nuclei of the crypt cells at the base of the villi. 22, [24] [25] [26] We found that the Hes1 antibody staining faithfully replicated the established pattern in both paraffinfixed (Figure 1a , b) and fresh frozen (data not shown) mouse large and small intestine. To confirm the specificity of the Hes1 antibody in human tissue, we also stained paraffin-fixed ( Figure 1e ) and fresh frozen (data not shown) human small intestine, and found that the Hes1 antibody stained the nuclei of crypt cells in the human tissue as well (Figure 1e-3) . As a negative control, we performed staining of adjacent sections of small intestine with the same concentration of non-specific IgG, and did not observe similar patterns (Figure 1c, d, f) .
We then stained paraffin sections of human BAVMs by immunofluorescence (Supplementary Table 1 ). We detected Hes1 protein in areas of the endothelium of human BAVMs (Figure 2b) , where it was found in the nuclei of endothelial cells (ECs), consistent with the nuclear localization of the transcription factor (Figure 2b-1) .
To determine whether Notch activity was increased in the endothelium of human BAVMs, we compared staining intensity with control human brain sections from autopsy (Supplementary Table 1 ). We detected little or no Hes1 in autopsy controls, although strong CD31 staining confirmed the endothelium was intact in these samples (data not shown). We quantified this difference by measuring the fluorescent intensity of nuclear Hes1 in the most strongly stained EC nuclei in BAVM samples, and comparing this to controls. We found that the average Hes1 intensity in the strongly stained areas of BAVMs is significantly higher than autopsy controls (Figure 2f ; N ¼ 12 BAVM samples, N ¼ 7 controls; P ¼ 0.001). Among individual samples, 9 of 12 BAVM samples had higher mean Hes1 intensity than the most intense autopsy control. As a negative control, we used a non-specific IgG primary antibody on adjacent tissue sections, and did not see a similar staining pattern (Figure 2c ).
Autopsy samples are excellent controls for human BAVM because they are screened for the absence of any detectable brain pathologies, however they are not subject to the same Notch upregulation in human brain AVM PA Murphy et al surgical manipulation as BAVM biopsies, and not fixed as quickly. This difference in tissue handling is particularly important because Hes1 can be degraded within hours in some non-endothelial cell types. 27 Therefore, we also examined levels of Hes1 staining in ECs of surgical brain biopsies from patients without BAVM (Supplementary  Table 1 ), controls which are subject to the same manipulation and fixation as BAVM samples. Since brain biopsies are not taken from patients with normal brain function, we have selected biopsy samples from the least affected patients, to minimize the potential effects of brain pathology. The combination of these controls provides the most vigorous baseline expression. We found that, as in the autopsy controls, levels of Hes1 staining in the nuclei of ECs was low or absent (Figure 2a, a-1) . We quantified staining intensity in these samples, as we did in the autopsy controls. We found that average Hes1 intensity in BAVMs is significantly higher than in biopsy controls (Figure 2f ; N ¼ 12 BAVM samples, N ¼ 4 controls; P ¼ 0.039). Among individual samples, 9 of 12 BAVM samples had higher mean Hes1 intensity than the most intense surgical biopsy control. As a negative control, we used a non-specific IgG primary antibody on adjacent tissue sections, and did not see a similar staining pattern (Figure 2c ). CD31 staining confirmed the integrity of the endothelium in tissue sections from BAVMs ( Figure 2e ) and surgical biopsy controls (Figure 2d ). To examine Notch receptor activation directly, we measured the levels of activated-Notch1 by immunofluorescence in our sample set. We chose to use the activatedNotch1 antibody because it has previously been validated in mouse tissue 28, 29 and also detects human forms of activatedNotch1, 30 since it was raised against a human antigen. As with Hes1, we found that ECs in some of the vessels of BAVM biopsy were strongly positive (Figure 3b) . In these ECs, we detected activated-Notch1 in the nucleus, consistent with the nuclear translocation of the activated receptor (Figure 3b-1) . As a negative control, we stained adjacent sections of brain with the same concentration of non-specific IgG, and did not observe the same pattern (Figure 3c, c-1 ). Nuclear staining in autopsy or surgical biopsy controls was not as intense as in BAVM samples (Figure 3a, a-1) . We quantified differences in activated-Notch1 staining between BAVM samples and autopsy or surgical biopsy controls, and found that average activated-Notch1 intensity in BAVM is significantly higher than autopsy controls (Figure 3f ; N ¼ 14 BAVM samples, N ¼ 7 autopsy controls; P ¼ 0.0006), and surgical biopsy controls (Figure 3f ; N ¼ 4 biopsy controls; P ¼ 0.015). Among individual samples, 12 of 14 BAVM samples had higher mean activated-Notch1 intensity than the most intense autopsy control, and 10 of 14 had higher mean activated-Notch1 intensity than the most intense surgical biopsy control. Notch-signaling Pathway Activity is Increased in Murine BAVM-like Abnormalities Caused by Endothelial-specific Expression of Notch4* We previously reported that endothelial expression of Notch4*, encoding the truncated intracellular domain of Notch4, results in Notch4* activity, indicated by nuclear localization of the intracellular domain of the Notch4 receptor. 13 However, because Notch4 antibody staining cannot differentiate between the Notch4* transgene and endogenous Notch4, we were unable to determine whether Notch4* expression increased endogenous Notch signaling. We also demonstrated the increased expression of Notch downstream genes in whole tissue homogenate from Notch4*-Tet mice, 12 but the lack of spatial resolution prevented the identification of the cells in which Notch signaling was activated. Here, we tested whether endogenous Notch1 activity and expression of Notch downstream target Hes1 is upregulated in the endothelium of Notch4*-Tet mice.
To determine whether expression of Notch4* increased Notch-signaling activity in the endothelium during BAVM formation in Notch4*-Tet mice, we examined the expression of the canonical Notch downstream gene Hes1 in paraffinfixed brain sections from Notch4*-Tet mice with BAVM-like abnormalities. We detected Hes1 in the nuclei of ECs, consistent with the nuclear localization of the transcription factor (Figure 4a, a-1) . To control for non-specific staining, we stained an adjacent section with non-specific IgG of the host species used to generate the Hes1 antibody, at the same concentration as the specific primary (Figure 4c, c-1 ). Nuclear staining in genetic controls was not as intense as in Notch4*-Tet mice (Figure 4b, b-1 ). Antibody staining intensity was calculated from the ratio of Hes1 staining to nonspecific IgG staining. We found an increase in Hes1 signal intensity in the Notch4*-expressing mice, relative to controls (Figure 4d ; N ¼ 5 controls, N ¼ 3 Notch4*-Tet mutants; P ¼ 0.0253).
To determine whether expression of Notch4* increased levels of endogenous Notch signaling, we examined the levels of activated-Notch1 in the endothelium in paraffin-fixed brain sections from Notch4*-Tet mice using an antibody to the activated form of Notch1. We detected activated-Notch1 in the nuclei of ECs, consistent with the nuclear translocation of the activated-Notch1 receptor (Figure 5a, a-1 ). We controlled for non-specific staining and quantified staining intensity as we had for Hes1 (Figure 5c ). Nuclear staining in genetic controls was not as intense as in Notch4*-Tet mice (Figure 5b, b-1) . We found increased levels of activatedNotch1 signal intensity in Notch4*-Tet mice, relative to controls (Figure 5d ; N ¼ 5 controls, N ¼ 3 Notch4*-Tet mutants; P ¼ 0.0253).
In summary, we show that Notch signaling is increased in human BAVM, using the same tissue preparation, antibodies, and quantification that we use to show increased Notchsignaling in our Notch4*-Tet transgenic mouse model of the disease.
DISCUSSION
Our study demonstrates that Notch activity is increased in human BAVMs, supporting the hypothesis that Notch activation causes and maintains human BAVM.
We found increased levels of the canonical Notch downstream gene Hes1 in the endothelium of human BAVMs relative to levels in autopsy or surgical biopsy controls, as well as increased levels of activated-Notch1 receptor. Furthermore, we demonstrate molecular similarity between the BAVM-like abnormalities of our Notch4*-Tet mouse model and human BAVM, providing molecular validation for this model of the human disease.
Notch Signaling is Increased in the Endothelium of Human BAVM
Hes1 is a canonical Notch downstream gene, and increased endothelial Hes1 expression indicates increased endothelial Notch pathway activity. Hes1 is a direct transcriptional target of Notch activity. 16 In the vascular endothelium, Hes1 expression is regulated by Notch activity. Transfection of human umbilical vein endothelial cells with Notch4* resulted in an approximately sixfold increase in Hes1 expression by quantitative PCR. 17 Hes1 expression is also increased by the induction of endogenous endothelial Notch signaling in vitro 31 and general Notch signaling in vivo. 32 Conversely, interference with endogenous endothelial Notch signaling decreases Hes1 expression in vitro. 31 and in vivo 18, 19 Therefore, increased Hes1 expression in the endothelium of human BAVMs indicates increased Notch-signaling activity.
The specificity of Hes1 staining in BAVM is supported by extensive evaluation in mouse and human tissue. We systematically tested five Hes1 antibodies on frozen and paraffin-fixed tissue, and found that only one gave the expected staining pattern in the positive controls, intestinal crypt cells in mouse and human tissue. We chose this positive control because the distinctive crypt-specific Hes1 expression pattern has been repeatedly demonstrated at both the protein and RNA level by several investigators. 22, [24] [25] [26] Demonstrating its dependence on Notch signaling, Hes1 protein expression in the crypt cells is lost when Notch receptors are deleted in the crypt cells, or the g-secretase activity required for Notch receptor activation is pharmacologically blocked. 22, 24 The specificity of staining with this particular Hes1 antibody has been reported in both frozen and paraffin-fixed mouse tissue. 20, 21, 33 Although the mouse-derived antigen used to generate the antibody is 90% similar to human Hes1, 20 confirmation of Hes1 staining in human crypt cells was a critical step to verify the antibody-detected Hes1 in human as well as mouse tissue. Our finding of increased Hes1 expression in the endothelium of human BAVMs is strongly supported by the validation of antibody specificity in positive controls.
Notch1 is a critically important receptor in the endothelium, and the upregulation of Notch1 activity that we have demonstrated in human BAVM may be involved in the development and progression of the disease. Notch1 is necessary for vascular development, and subtle changes in Notch1 levels in humans and mice can cause severe vascular defects. 6 In humans, inheritance of a single mutated loss-offunction allele of Notch1 can cause aortic valve disease and increase the risk of thoracic aorta anuerysm. 15, 34 Studies in mice demonstrated the importance of endothelial Notch1 signaling, because endothelial-specific deletion of just one Notch1 allele significantly impaired blood flow recovery in the hindlimb after the femoral artery was occluded, 31 and deletion of both alleles is embryonic lethal. 8, 31 At a cellular level, Notch1 deletion in endothelial cells increases their contribution to angiogenic sprouts rather than retention in existing vessels. 36 Expression of the constitutively active intracellular domain of the Notch1 receptor (Notch1-ICD) specifically in the endothelium is also embryonic lethal 37 (our own unpublished data). We found that even at an adult stage, expression of Notch1* in the endothelium was sufficient to cause vascular malformations, 12 demonstrating a requirement for Notch-signaling homeostasis in adult mice. Therefore, the requirement for tightly regulated Notch1 signaling in the endothelium suggests that the increased activity we observed may disrupt vascular organization.
The cause for upregulated Notch activity in the endothelial cells of BAVM is not yet apparent. Elevated activity may be a secondary effect of BAVM formation. For example, the endothelial cells of BAVMs are exposed to a massive increase in blood flow, which has been shown to increase the expression of Notch ligand Jag1, Notch4 receptor, and down- stream genes Hey1 and ephrin-B2 in endothelial cells in vitro. 38, 39 However, our animal data have demonstrated that increased Notch4 signaling can initiate BAVM-like pathology in mice, 13 suggesting that the elevated Notch activity may be a causal molecular lesion. Therefore, increased Notch activity seen in human BAVM may not only be a secondary effect of increased blood flow, but may also be an initial molecular pathology.
The increase in Notch activity in the endothelium of human BAVM appears subtle, but this small change is likely sufficient to cause biological effects. 18, 40, 41 Such sensitivity in the endothelium to receptor or ligand dosage is rare; vascular endothelial growth factor A (Vegfa) is the only other protein known to exert such profound vascular effects as a result of haploinsufficiency. 43, 44 Other biological systems have shown a similar threshold requirement for Notch activity. For example, in left-right differentiation in the chick, a transient increase in extracellular calcium slightly increases Notch receptor activation on the left side of the developing embryo, 45 resulting in the subsequent establishment of asymmetry. Similarly, in neuronal development in the fly, small changes in Notch activity between daughter cells are necessary to establish asymmetric fates, and mutations that cause either a general increase or decrease in Notch signaling results in loss of asymmetry. 46 Therefore, even small changes in the level of Notch activity have the potential to cause severe vascular effects.
Notch Activation may be a Key Regulator of BAVM Development Our study demonstrates increased Notch-pathway activation in the endothelium of human BAVM. Until now, the involvement of Notch signaling in the development of human BAVM has not been reported. Genetic understanding of human BAVM has been limited by the sporadic nature of the disease. An exception is the development of BAVM in 10-20% of patients suffering from the autosomal-dominant disease Hereditary Hemorrhagic Telangectasia (HHT). 47 HHT causes widespread AVMs through many tissues, including the brain, and has been linked to mutations in the TGF-b receptors Alk1 (ACVRL1) and endoglin (ENG). 48 Although HHT is implicated in only 2% of all BAVM, 49 it has been the most studied pathway in human BAVM due to this genetic association. In mouse models, homozygous mutations in these receptors are embryonic lethal, and heterozygous mutations result in vessel enlargement and hemorrhage, although high-flow arteriovenous shunting characteristic of BAVMs has not been reported. [50] [51] [52] [53] [54] [55] The low penetrance and focal development of BAVMs in HHT suggest that other causes, potentially other signaling pathways, cooperate with the TGF-b mutations to cause this pattern of BAVM development.
Other endothelial-signaling pathways appear to be upregulated in human BAVM samples, although animal studies have not demonstrated that these changes induce BAVM. VEGFA expression in the BAVM nidus has been observed at both the RNA and protein level and is increased at the RNA level in whole-tissue homogenate of the BAVM nidus relative to control brain biopsies. 56 However, while forced expression of VEGFA in the mouse brain results in increased angiogenesis, development of AV shunting has not been reported. [57] [58] [59] [60] [61] Similarly, increased expression of angiopoietin-2 (ANGPT2) has been reported at the RNA and protein level in the BAVM nidus 56, 62 but expression of ANGPT2 in the adult mouse brain has not been reported to result in AV shunting. 59 Gain-and loss-of-function mutations in ANGPT2's endothelial receptor, TIE2 (TEK), have been associated with venous malformations, but not AVMs. 63 Integrin alpha V (ITGAV) was also upregulated in the endothelium and smooth muscle cells of BAVMs. 56 However, no gain-offunction animal studies have been reported. Complete endothelial deletion of Itgav causes no detectable cerebrovascular defects, 64 although deletion of Itgav in neuronal cells results in dilation of blood vessels and hemorrhage, 64 suggesting a role in vascular stability through paracrine effects, but not cell autonomous vascular effects. Therefore, the molecular basis of BAVM pathogenesis remains largely unknown.
Increased endothelial Notch signaling is sufficient to induce vascular abnormalities with the hallmarks of BAVM in Notch4*-Tet mice, and an increase in both Hes1 and activated-Notch1 protein in Notch4*-Tet mice demonstrates similarity at the molecular level to the human disease. We have reported that expression of constitutively active Notch4 receptor in the endothelium of our Notch4*-Tet mice results in enlarged and tortuous BAVM-like vascular abnormalities, shunting of blood, and hemorrhagic stroke. 13 Here, we demonstrate that Notch activity is increased in the endothelium of human BAVM, as it is in Notch4*-Tet mice. We found similar increases in Hes1 and activated-Notch1 in human BAVM and BAVM-like abnormalities in Notch4*-Tet mice. One key difference between human BAVM and the mouse model is that human BAVMs are focal, 1 whereas the BAVMlike abnormalities in Notch4*-Tet mice are pervasive. 13 This is likely a consequence of the transgenic expression of constitutively active Notch4 throughout the endothelium in the mouse model. Therefore, increased expression of Hes1 and activated-Notch1 demonstrates molecular similarity between BAVM-like abnormalities in Notch4*-Tet mouse model, caused by increased endothelial Notch activity, and human BAVMs.
It is commonly thought that, once they develop, BAVMs do not regress, but remain as a constant threat of hemorrhagic stroke. 65 Our animal studies have suggested the tantalizing possibility that, in animals at least, BAVM-like lesions are reversible. 13 The dependence of BAVMs on the activity of molecular-signaling pathways is a novel concept, but we have also shown that AVMs that form in the livers of Notch4*-Tet mice regress completely after the Notch4* transgene is suppressed, demonstrating that endogenous machinery exists for the reversal of AVMs once the causative molecular lesion is removed. 12 Our human data does not demonstrate that increased Notch activity promotes the development and growth of BAVM in humans. Nonetheless, we found that Notch activity is upregulated in a large portion of human BAVMs, after their initiation, suggesting that increased Notch activation may be a potential molecular lesion in human BAVM pathogenesis.
In conclusion, this study demonstrates increased activation of endothelial Notch signaling, which we have shown causes BAVM-like abnormalities in mice, in human BAVMs. It suggests that activation of Notch signaling is an important molecular candidate in BAVM pathogenesis, and further validates that our animal model provides a platform to study BAVM progression and regression. These findings open a new area of research to advance the knowledge and treatment of this devastating disease.
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